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Abstract 
In order for safety assessment and public acceptance of CO2 geological storage, it is inevitable to develop the 
techniques to monitor whether the injected CO2 stays in a target reservoir as planned quantitatively and to predict 
long-term behavior of the injected CO2 precisely. In our R&D program started from 2011, in addition to the 
development of geophysical monitoring tools complementing seismic surveys and optimal modeling tools, techniques 
to evaluate sealing abilities of complex geological structures have been conducted to this end. 
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1. Introduction 
In order for safety assessment and public acceptance of CO2 geological storage, it is inevitable to 
develop the techniques to monitor whether the injected CO2 stays in a target reservoir as planned 
quantitatively and to predict long-term behavior of the injected CO2 precisely. Especially for early 
realization of putting into practical use of CO2 geological storage, there is a need for development of the 
geophysical monitoring tools complementing seismic surveys from the view point of not only cost-
effective but also obtaining multi-lateral monitoring data. On the other hand, CO2 behavior within the 
complex geological structure specific to Japan, such as small faults or thin interbedded sandstone and 
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mudstone, which seems to be difficult to detect by seismic surveys, should be characterized before 
conducting the actual CO2 injections.
In our R&D program started from 2011, in addition to the development of geophysical monitoring
tools complementing seismic surveys and optimal modeling tools, techniques to evaluate sealing abilities
of complex geological structures have been conducted, aiming cost reduction in monitoring and 
improvement of analysis precision of CO2 behavior in reservoirs. In this paper, we will outline the current 
progress for four main research topics.
2. Development of multi-geophysical monitoring technique
The active seismic method such as 3D/4D reflection survey is the most powerful technique to evaluate
an expansion and variation of CO2 plume. It however is often very expensive to employ the active method
on a regular basis.
We propose a utilization of other multi-geophysical passive monitoring techniques as complement for 
the active seismic method. We are investigating the applicability and the performance of optimal
combination. It is worth reducing number of active seismic survey operation by this idea. To this end,
applicability of passive monitoring techniques should be evaluated, and performance of optimal
combination should be known, too.  We will use the passive method and its combination as a tool to make
a precise time-updated CO2 geo-storage model.
At present, we have studied applications of passive monitoring techniques such as gravity, self-
potential (SP) and acoustic emission (AE, often called microseismic) at a US CO2 test site where large-
scale CO2 injection is planned. We are carrying out a collaboration study with a US project of Southwest 
Regional Partnership for Carbon Sequestration (SWP). We made experimental deployments of these
passive methods in winter 2011-2012 at the Gordon Creek, UT, previous SWP test site. The acquisitions
of baseline data were successful for all the passive methods. An absolute gravity measurement indicated 
fair observation condition with reasonable background noise level. SP profiling survey showed an 
elevation effect, which infers applicability of the method as similar to our past study (Fig 1). By a few
months AE measurement, background activity of very small earthquakes were found, which may be
related to oil producing facilities far from the site (Fig 2). In addition, all the observatories succeeded in 
passing the heavy winter and maintain for 9 months without serious problems.
Now we are going on this study at the other SWP site where CO2-EOR is operated. We will again
conduct baseline measurement of the passive methods and attempt to monitor any response from a large-
scale CO2 injection.
Fig.1.  An example of observed SP baseline data.
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Fig. 2. Example baseline AE data. Two 3C waveforms at different observation point on Dec./26, 2011, 03:44:30 GMT.  
 
3. Geophysical postprocessor 
-
observables caused by subsurface changes due to CO2 injection calculated by numerical reservoir 
simulator. Numerical simulation of subsurface changes and geophysical observables can be used to find 
an appropriate combination and layout of geophysical measurements for each CCS project, and to detect 
discrepancies between actual and simulated subsurface changes, which provide a clue to find unexpected 
CO2 leakage or to improve reservoir model. In the following, numerical simulations of CO2 injection and 
expected geophysical observables are demonstrated by using a simplified model of Gordon Creek site.  
In the first step, we constructed a three-dimensional model covering a 6 6 km2 area extending 
vertically from 0 to 1300 meters RSL, which is roughly based on an aquifer system at the Gordon Creek 
field, Utah. The horizontal and vertical permeabilities are assumed to be 100 mD and 10 mD (1 mD = 10-
15 m2) respectively for the sandstone-dominated injection aquifer, and an isotropic 1 mD permeability is 
assumed for the seal formations. The porosity is assumed to be 0.1 for all formations. Relative 
permeability models for CO2 gas and liquid water are represented by Corey-type curves (with 0.1 residual 
saturation) and van Genuchten-type curves (with 0.2 residual saturation), respectively. Capillary pressure 
is represented by a van Genuchten-type model, and the threshold pressure is ~2 kPa and ~100 kPa for the 
aquifers and seal formations, respectively. 
Initially, all of the pore space within the computational grid is full of motionless liquid H2O (with 0.03 
salinity). At the outer lateral boundaries, the fluid pressure distribution is maintained at the initial 
(hydrostatic) value. At the top boundary, the pressure and temperature are maintained at 100 bars and 30 
C, respectively (corresponding to an overlying ground surface elevation of 2300 meters RSL). The 
bottom boundary is impermeable and its temperature is fixed at 69 C. 
In the present numerical simulations, we used the STAR general-purpose reservoir simulator [1], [2] 
with the SQSCO2 equation-of-state package [3] which treats three fluid phases (liquid- and gaseous-
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phase CO2 and an aqueous liquid phase) to calculate the evolution of reservoir conditions. We simulated 
10 years of injection at a rate of one million tons of CO2 per year into a sandstone-dominated aquifer at 
2050 meters depth followed by 10 years of shut-in. 
Fig. 3 shows the distributions of pressure, temperature and phase saturation after one year and three
years of injection. The injected CO2 remains near the injection well after one year, but reaches the
observation well (which is located 500 meters away from the injection well) after three years.
In the second step, we used various geophysical postprocessors [4], [5], [6] to calculate time-
dependent earth-surface distributions of seismic observables (reflection survey), microgravity, 
electrical self-potential (SP), and apparent resistivity (MT survey). The temporal changes are caused 
by changing underground conditions (pressure, temperature, gas saturation, concentrations of 
dissolved species, flow rate, etc.), as computed by the reservoir simulations.
Fig. 4 shows seismic section calculated by applying the seismic (reflection survey) postprocessor 
to the reservoir simulation results. The reflected waves correspond to the upper and lower 
boundaries of regions containing CO2 gas around the injection well. The seismic postprocessor 
calculates the seismic velocity in the water-saturated and water/gas two-phase regions using a 
formulation based upon the patchy saturation model (e.g. [7], [8]). Fig. 5 shows the relation
between P wave velocity and CO2 gas saturation calculated by a patchy saturation model 
incorporated in the seismic postprocessor.
Fig. 6 shows downhole borehole-gravity response in the injection and observation wells. At the
injection site, the change in earth-surface gravity is small even after three years of injection (due to
deep injection), but the borehole response is pronounced even as early as after one year of injection. 
At the observation-well site, the borehole response is small after one year of injection, but it is very
apparent after three years of injection when the expanding CO2 plume engulfs the borehole location 
(Fig. 3).
Fig.3 Simulation of CO2 injection into sandstone saline aquifer (200 m thickness) at a rate of one million tons  per year.
Pressure (cyan), temperature (red), and CO2 saturation (black) saturation contours at t=1 and 3 years. Contour interval is
0.5 MPa for pressure, 5 oC for temperature and 0.1 for CO2 saturation.
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Fig.6. Borehole gravity response in the injection well (right) and observation well (left) after 3 years of CO2 injection.
4. Evaluation and prediction of seal integrity
Geological setting of saline aquifers in Japan typically includes the alternation of sand- and mudstone
thin layers besides small scale faults and fractures. These geological structures are not necessarily
detected by usual seismic surveys, but they have a potential to complicate sealing ability of rocks, fluid
flow properties, and geochemical interactions. Therefore, to improve a prediction accuracy of CO2
migration, we should develop the geological modeling method optimized for such complex geological
structures. Regarding this, we set three research themes: measurement of threshold pressure, evaluation of 
geochemical processes, and numerical simulation of CO2 injection into alternations. The former two
Fig.4. P wave velocity vs. CO2 saturation, given by 
patchy saturation model
Fig.5. Seismic section across the injection zone
(station no.= 13) along 4 km-long line after 3 
years of CO2 injection.
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themes intend to get the parameter specifying hydrology at alternations, whereas the last one tries to 
analyze sensitivity of those parameters and to compile the most appropriate method to set parameters into 
a geological model.  
The first theme is specifically important from a viewpoint of seal integrity in short term. Here, the 
problem is that natural rocks have a wide range of variability of threshold pressure. So, the study aims to 
quantify the contribution of each factor responsible for the variability of threshold pressure. The factors 
include particle size, size distribution, particle forms and chemical compositions, and heterogeneity such 
as fractures. In this study, we used artificial sintered compacts composed of silica glass beads, whose 
partic
distribution by mixing of different size particles. The use of sintered compact facilitates the modeling of 
each factor's contribution. Our CO2 breakthrough experiment showed that there was a good linearity 
between the logarithm of threshold pressure and the logarithm of permeability. Moreover, comparisons of 
homogeneous and heterogeneous particle size suggested that particle size distribution influenced the 
variation of threshold pressure greatly. The goal of this study is to provide theoretical or empirical 
constraint to the variation of threshold pressure in natural rocks; which contributes to the risk analysis 
through the derivation of the acceptable highest limit of injection pressure. 
On the other hand, the second theme focuses on the reaction rate of much longer-timescale phenomena, 
especially the mineral carbonation caused by injected CO2. For such a data acquisition of kinetic 
parameters with extremely-slow reaction rate, our strength is in the surface observation technique using a 
phase-shift interferometer (PSI). The PSI is a kind of optical observation methods, and has several 
advantages, such as vertical resolution on a nanoscale and applicable also for in-situ observations. Now, 
we are applying the methodology from laboratory to field experiments at carbonated or bicarbonated hot 
springs as a natural analogue of CO2 geological sequestration. The detail is discussed in the paper by 
Sorai and Sasaki in this volume [9]. 
5. Fault modeling method with geomechanical processes 
CO2 injection, which may cause deformation of the formations and faults, sometimes results in the 
change of their permeability. These permeability changes may have a substantial impact on the sealing 
ability and the CO2 movement.  
Another key issue to be considered is the inferred complex behavior of so-
the main constituent of Cenozoic strata of the young sedimentary basins; the Cenozoic basins are 
considered to be possible storage sites in Japan. CO2 injection usually causes increase of reservoir 
pressure, leading to a change in stress distribution in and around the CO2 storage system. In the case of   
In Salah where the storage system is composed of relatively rigid Paleozoic sediments, the change caused 
rock-mechanical responses including observable uplift around the injection well [10]. The changes were 
interpreted as the extension and opening of pre-existing fractures in the storage system due to the 
injection [11]. In soft-rocks, however, laboratory experiments suggest that the increasing pore pressure 
under confining pressures does not always cause rupture. In some circumstances, the soft rocks 
occasionally promote total compaction even under the increasing pore pressure [12]. The different 
behaviors of soft rocks, namely, to make fractures or to promote compaction, probably lead to a marked 
difference in rock permeability and total rock volume, and eventually to dynamic behavior of strata 
themselves. This is an important character of soft rocks and should be taken in consideration for the 
stability and safety of CO2 storage system that is places in soft bed rocks.  
The AIST research team is conducting studies on the fluid-mechanical modeling of soft rocks.  Our 
goal is to make a fluid flow-rock mechanical coupled simulation to be applicable to Japanese soft bed 
rocks for the assessment of the mechanical behavior of the CO2 storage system associated with CO2 
injection. The fluid flow-rock mechanical simulator can be a powerful tool for this purpose, although its 
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application to soft bed rocks needs further improvement incorporating the complex behavior of soft rocks 
mentioned above.  An extension of TOUGH-FLAC simulator [13], by the combination of history 
matching with natural analogue data and rock mechanical experiments, is in the core of our study. 
The technology is also important for the assessment of sustainable injection rate avoiding significant 
potential rock-mechanical problems. For this purpose, we are studying TOUGH-FLAC simulation in 
collaboration with LBNL. The principal field of collaboration lies in the extension of the simulator to 
CCS in soft bed rocks. The research, through the combination of natural analogue study and experimental 
study on soft rocks under the reservoir conditions, is in progress to the final goal of successful fluid flow-
rock mechanical coupled simulation applicable to CO2 geological storage in Japan. Experimental and 
modeling studies of rocks in the pre-failure stage, on the induced seismicity associated with water 
injection, and on fracture sealing by carbonate precipitation are also the elements of our research to the 
better understanding of the processes associated with the behavior of CO2-rich fluid in reservoirs. The 
detail of this study is discussed by Funatsu et.al. in this volume [14]. 
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